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Abstract 
 
The proposal that coupled folding to binding is not an obligatory mechanism for intrinsically 
disordered (ID) proteins was put forward 10 years ago. The notion of fuzziness implies that 
conformational heterogeneity can be maintained upon interactions of ID proteins, which has 
a functional impact either on regulated assembly or activity of the corresponding complexes. 
Here I review how the concept has evolved in the past decade, via increasing experimental 
data providing insights into the mechanisms, pathways and regulatory modes. The effects of 
structural diversity and transient contacts on protein assemblies have been collected and 
systematically analyzed (FuzDB, http://protdyn-database.org). Fuzziness has also been 
exploited as a framework to decipher molecular organization of higher-order protein 
structures. Quantification of conformational heterogeneity opens exciting future 
perspectives for drug discovery from small molecule-ID protein interactions to 
supramolecular assemblies.  
 
 
 
Introduction 
Understanding of interactions mediated by intrinsically disordered (ID) protein 
regions has gone through various stages of metamorphosis, from models with structured 
interfaces to complexes with largely heterogeneous, dynamic contacts. Advances in 
technology, especially in characterization of ID protein ensembles [1] provided more 
detailed insights into coordinated action and large-scale organization of ID proteins. In 
parallel, the concept of fuzziness has evolved to provide a framework for assemblies of ID 
proteins and their regulation by the cellular context. I review the different phases of the 
metamorphic process from the birth of the concept to its future perspectives.  
 
 
Phase 0 – Partner recognition by ID proteins 
Structural versatility of ID proteins is exploited in numerous regulatory pathways, 
gene-expression, cell-cycle regulation and signalling [2, 3].  These control mechanisms rely 
on interactions between the ID protein and its selected partner, another protein, DNA, RNA, 
or small metabolite. As ID proteins are represented by conformational ensembles in their 
native states, questions arise regarding the nature and specificity of these interactions. The 
first proposals limited conformational diversity to the free/unbound forms of intrinsically or 
natively unstructured proteins and expected a well-defined structure in the bound state [4, 
5]. Termed as coupled folding to binding, complexes of ID proteins lose their conformational 
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heterogeneity as compared to their solution state [6]. This view was supported by a series of 
protein-peptide complexes, where the structure of an ID protein segment could be 
determined [7, 8]. In most cases however, the visible/observed regions were relatively short 
(i.e. peptides), which may not comprised the functionally relevant part of the ID protein [9], 
neither represented the form in the cellular context [10]. 
What are the factors governing binding and folding in this scenario? How does the ID 
protein overcome the entropic penalty of structuring? Is low-affinity an obligate 
consequence of the entropy loss accompanying the interactions with the partner? All these 
questions require a comparison of ID protein ensembles in their free forms to their 
structures in the bound state. Theoretical as well as experimental studies indicated that ID 
proteins are not random in their unbound forms [11, 12], and may possess preorganized 
secondary structures. Predicted secondary structure preferences of ID proteins were found 
to be highly correlated to those, which were observed in their complexes [13] suggesting a 
conformational selection mechanism. Termed as preformed structural elements [13], 
transiently populated secondary structures may represent the binding competent state 
towards which partner interactions shift conformational equilibrium [14] (Figure 1). 
Obviously, pre-structuring also lowers the entropic penalty of binding.  
Preformed structural elements are straightforward to predict using secondary 
structure prediction algorithms [13, 15]. The ease of computations initiated a proliferation of 
models with a variety of names: molecular recognition elements (MoREs, [16]), molecular 
recognition features (MoRFs, [17]) and pre-structured motifs (PreSMos, [18]), which all are 
recapitulations of the original proposal. One must be very careful however, as the underlying 
databases may lack the required experimental evidence for the folding event [19]. 
Neglecting the transient nature of the preorganized elements in these models led to the 
overappreciation of structured states in complexes of ID proteins.  
An alternative binding mechanism emerged from short, low-complexity motifs, which 
have been known for long to mediate protein interactions (e.g. SH3 domains are frequently 
targeted by proline-rich peptides) [20]. Termed as linear motifs (LMs), a few amino acid 
residues could determine partner selection [21] (Figure 1). Owing to their size and 
composition, LMs may not fall into regular secondary structures [22]. Despite being enriched 
in hydrophobic residues, the function of LMs are linked to intrinsically disordered 
environments [22]. This notion led to increased appreciation of LMs, which are often 
considered as recognition elements of ID proteins [23].  LM-based interactions however are 
difficult to reconcile using only the folding coupled to binding model, as they often establish 
heterogeneous contacts via multiple states.  
 
Phase 1 – Proposal of fuzziness in protein interactions 
The proposal of preformed structural elements, implied another interesting 
observation. Sequences of ID regions, which were predicted to fall outside the allowed 
regions of the Ramachandran map also preserved this feature upon interactions, possibly 
suggesting that disorder is maintained in complexes [13]. With my collaborator, Peter 
Tompa, we investigated this possibility and were seeking for protein complexes with 
considerable degree of conformational heterogeneity. As an experimental evidence, we 
searched for missing electron densities in crystal structures or large variations in the NMR 
models of ID protein assemblies as well as the lack of considerable shifts in the NMR 
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spectrum as compared to the unbound state. Two types of structural heterogeneity were 
considered (Figure 1): the same interacting elements fold into alternative structures upon 
binding (polymorphism)[24] or a rapid conformational exchange is observed in the bound 
state (dynamic disorder) [25].  
Termed as a fuzzy complex, structural ambiguity is maintained upon protein-protein 
interactions (original definition in [26]). Protein complexes with structural multiplicity or 
dynamic disorder exhibit a structural and dynamical continuum [26]. The static or dynamic 
nature of these assemblies obviously depends on the spatial and temporal resolution of the 
applied experimental technique. Topologically, dynamically disordered regions may flank or 
link structured binding regions or host interaction motifs. The proposal of fuzzy complexes 
extended the disordered state from individual proteins to protein complexes.  
 
Phase 2 – Functional implications of fuzziness 
What is the functional consequence of fuzziness in the interactome? Structural 
heterogeneity in protein complexes may enable unique constellations, such as interactions 
with alternative partners simultaneously or consecutively, strong influence of 
posttranslational modifications (PTMs) on binding as well as may weaken the sequence 
constraints for specific partnerships [27]. The latter is reflected by the resistance of ID 
regions, such as transactivator domains [28, 29], histone tails [30, 31] or yeast prions [32, 33] 
to scrambling or truncation also referred to as ‘sequence independence’. Heterogeneity may 
impart dynamism on interaction networks leading to considerable, yet realistic uncertanities 
in experimental data [34]. 
Deriving relationships between conformational ensembles and biological roles of a 
protein complex requires quantification of the functional contribution by structurally 
heterogeneous regions [27, 35]. To this aim, we searched for biochemical data on 
manipulating (mutating, truncating or removing) polymorphic or disordered regions and the 
impact on KD, specificity, transcriptional or enzymatic activity, half-life or any other relevant 
functional properties. Linking structural to biochemical evidence was tedious, as most 
studies did not explicitly addressed the roles of disordered regions. Nevertheless, 36 
examples were found with functional relevance for protein disorder in protein complexes 
[27], which are involved in gene-expression, virus replication, immune response or signalling 
[36]. These observations led to the recognition that conformational heterogeneity in the 
bound state of ID regions may be directly linked to the biological activity of the assembly 
(Figure 1).  
 
Phase 3 – Mechanisms of fuzzy interactions 
Although their biological importance was compelling, the modes by which fuzzy 
regions influence protein assemblies still have remained rather unclear. Detailed structural 
and biochemical characterization of protein-DNA interactions offered examples to elucidate 
the molecular mechanisms of partner recognition by heterogeneous complexes [37]. 
Although fuzzy regions were highly dynamic and often invisible in structures of the protein-
DNA assemblies, experimental evidence demonstrated their functional contribution in 19 
complexes. Fuzzy regions mostly exerted their impact via transient interactions [37]. Both 
specific or nonspecific intermolecular contacts may anchor the ID protein to the partner. 
These increase the local concentration of the binding element near the target site and the 
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probability of productive contacts [38]. Intramolecular interactions may promote formation 
of binding-competent structural elements, frequently via relieving electrostatic repulsion to 
improve affinity [39]. Fuzzy regions however, may also interact with specific residues, which 
are involved in the binding interface leading to autoinhibitory effects [40] (Figure 1).  
Entropy is a key factor in heterogeneous interfaces, which could be further tuned by 
posttranslational modifications [41, 42]. Disordered tails may decrease stability via 
‘frustrating’ the structured part of the protein [43] or decrease the rate of folding of the 
binding site [44].  
All these interaction modes could be combined leading to a variety of mechanisms, 
which are all linked to conformational heterogeneity [35]. Formally, these scenarios could be 
divided into four categories [35, 37]. Termed as conformational selection, dynamical regions 
stabilize an interaction-prone structural element and shift conformational equilibrium prior 
to binding. Termed as flexibility/entropy modulation, collective motions of the protein are 
influenced by transient contacts thus modulate the entropy of interaction, which may 
increase affinity.  Termed as competitive binding, the presence of fuzzy region causes 
autoinhibition via competition for the binding site (Figure 1). Termed as tethering, 
heterogeneous contacts are exploited for local concentration effects. Almost all possible 
combinations of mechanisms and topologies can be realized [45]. 
 
Phase 4 – Fuzziness enables context-specific regulatory features 
Dynamical ensembles of protein complexes could be shifted according to the cellular 
environment [46]. Posttranslational modifications may influence not only charge, but also 
secondary structure propensities of heterogeneous regions [30, 47] to induce gradual or 
threshold responses [42, 48]. Interaction affinities could also be modulated by tailoring the 
length of fuzzy segments via alternative splicing [49]. These may reduce steric hindrance or 
interfere with other competitive mechanisms to improve binding [44]. A combination of AS 
and PTMs can generate tissue-specific ‘barcodes’ [50]. Transient interactions in 
heterogeneous protein complexes may lead to allosteric effects [51, 52]. Any of these means 
enables protein assemblies to respond to external signals or changes in the intracellular 
milieu, referred to as context-dependence [53]. 
Tissue-specific exons (TSE) for example, often encode protein regions without 
apparent structure [54]. Although direct experimental evidence is only present in a handful 
cases, TSE regions are predicted to remain largely heterogeneous upon interactions, and 
only a small fragment serves as a structured binding element (Figure 1). Tissue-specific 
alternative splicing thus affects specific interactions as well as transient contacts to rewire 
interaction networks [55]. Similar heterogeneity is also exploited in viral proteins, which 
often hijack the host system by mimicking short interaction motifs [56].  Given the same LM 
sequence patterns and target domains, the mechanism of interaction of viral and host 
proteins were found to be different [57]. Eukaryotic motifs tend to fold upon binding, 
whereas viral proteins remain heterogeneous leading to a high degree of promiscuity [58].   
 
Phase 5 – Fuzzy Complexes Database 
The proposal of fuzzy complexes [26] boosted experimental studies on 
conformationally heterogeneous assemblies. Structural evidence on rapid conformational 
exchange in the bound state of proteins started to proliferate [59-62]. These were 
frequently referred to as ‘dynamical’ complexes [63, 64], which however did not distinguish 
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the maintenance of the intrinsic disordered state in protein complexes from dynamical 
couplings in structured proteins [65]. The latter could be mediated via ‘conformational 
waves’ [66], a scenario, which is distinct from regulatory mechanisms in ID protein 
complexes [27, 45, 53]. Fuzziness in protein assemblies however, originates in the intimate 
relationship between structurally heterogeneous regions and the residues, which are 
directly involved in function [35, 37, 45]. That is, conformational diversity via transient or 
alternative interactions (Phase 3) enables molecular mechanisms, which are responsive to 
the cellular conditions (Phase 4). To emphasize the coupling between structural multiplicity 
and its biological roles, we devised the Fuzzy Complexes Database (FuzDB, http://protdyn-
database.org) [67].  
FuzDB contains experimentally validated examples of protein assemblies with 
structural evidence for alternative states or dynamical conformational exchange in the 
bound state as well as biochemical evidence for the functional contribution of the 
heterogeneous region. Conformational data may come from a variety of techniques: missing 
electron density in X-ray [68] or cryo-EM [69]; minor shifts in the NMR spectrum (HSQC, PRE) 
as compared to the unbound state [70, 71]; increased dynamics in NMR in the complex as 
compared to the free form (e.g. indicated by relaxation dispersion) [72, 73]; extended 
shapes in small-angle X-ray scattering (SAXS) [74, 75], analytical ultracentrifuge (AUC) [74, 
75], size-exclusion chromatography (SEC) [60]; as well as Förster resonance energy transfer 
(FRET) [76]. Evidence for functional contributions of conformationally heterogeneous 
regions is derived from a number of techniques, ranging from affinity measurements [77, 
78], catalytic rates [79], transcriptional activation [80], cell-cycle progress [51], to protein 
degradation [81], prion formation [32], or any other cellular activities [82, 83].  
The Fuzzy Complexes Database also discusses experimental data based on the 
original publications [67] and details those structural and biochemical results, which 
corroborate heterogeneity in the bound state. FuzDB defines the topological [26] and 
mechanistic [35, 37] categories of protein complexes, as well as provides a detailed 
description of the mechanism in case sufficient data is available. In addition, PTM and AS 
effects on ensembles of heterogeneous regions and the biological consequences are 
analyzed. The connection between structural diversity and function lays down the basis of 
stochastic structure-function relationships (Figure 1). 
 
Phase 6 – Fuzziness in higher-order protein organizations 
Increasing complexity from ‘traditional’ protein complexes to supramolecular 
organizations is paralleled by increasing contribution of fuzziness to regulated assembly [84]. 
PTMs of dynamical regions may shift conformational equilibrium towards aggregation-prone 
states [85, 86] or promote disassembly by diminishing stabilizing transient contacts [87]. 
Membrane interactions may also modulate ensembles and influence polymerization [88]. 
Heterogeneity is present even in the most static higher-order assemblies either as 
alternatively folded states exemplified in different prion strains [89] or in regions exhibiting a 
rapid conformational exchange [90]. Dynamical regions could promote assembly by 
interfering with autoinhibition [91] (Figure 1); could be responsible for allosteric effects [92, 
93], or generate context-specific responses via PTMs [94]. Taken together, fuzziness is an 
intrinsic and ubiquitous feature of supramolecular protein organizations, as conformational 
diversity influences regulated formation or activity of the different kinds of higher-order 
assemblies [84].   
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Membraneless cellular organelles are non-membrane-bound compartments, which 
are formed via phase transition of proteins, induced by weak interactions amongst 
redundant binding motifs [95]. Multivalency [96] and intrinsic disorder [97] are considered 
as two key factors driving this process, other molecular determinants have yet to be 
elucidated. Dynamics of the granules is determined by the multitude of interaction 
patterns/binding topologies, which altogether create a heterogeneous conformational 
ensemble. Indeed, high-resolution structural data suggests that conformational 
heterogeneity of Fus is not reduced in the RNP granule as compared to its unbound form 
[98]. Familial mutations could impair fuzziness by limiting the combinations of interactions, 
which leads to reduced number of microstates and fibril formation [84]. Pathological 
conversions in the material state and dynamics of the assembly results in neurological 
disorders such as amyotrophic lateralsclerosis or dementia [99, 100].  
 
Phase 7 – Small molecule interactions may generate fuzzy complexes 
The involvement of ID proteins in key regulatory processes raises a pharmaceutical 
interest [101]. One of the challenges for the field of intrinsically disordered proteins is thus 
to open new areas for drug research [102]. Indeed, small molecules inhibiting protein-
protein interactions usually target dynamic interfaces [103]. A handful studies addressed the 
problem of specifically designing inhibitors for ID regions [104-107] using different screening 
technologies. NMR results indicate that small molecules often lack a well-defined binding 
site and visit an ensemble of states in the bound form generating a fuzzy complex [106, 108]. 
Entropy seems to be a key factor of selectivity [108, 109]. Interpretation and prediction of 
such heterogeneous assemblies however, require stochastic structure-function 
relationships. 
 
Phase 8 – Fuzziness provides a mathematical framework for heterogeneous protein 
interactions  
The term fuzziness is derived from the mathematical concept of fuzzy sets [110]. This 
concept describes the existing uncertanities in our observations by using a continuum of 
membership functions (in the range of [0,1]) instead of crisp categories [111]. A certain value 
of a measure may belong to multiple categories, but to different extents. In the protein 
world, functionally different landscapes could be defined by distinct sets of conformations. 
The formalism of fuzziness enables us to define the contributions of certain structures to 
different states, leading to quantitative relationships of the ensemble. To demonstrate the 
power of this, we employed the fuzzy framework to describe biological phase transition.  
Formation of liquid granules is accompanied by generation of large system-spanning 
networks exchanging intra- for intermolecular interactions [112]. Polymer physics 
approaches have been applied to account for sequence features of proteins undergoing 
liquid-liquid phase transition [96, 113]. Although the multitude of interaction patterns could 
be realized between redundant motifs, all models were based on one-to-one binding. 
Considering fuzziness as a critical feature in phase transition [84], we incorporated the 
option of multivalent binding (i.e. interactions with multiple sites) into the simulations using 
a fuzzy mathematical framework [114]. The fuzzy simulations could more efficiently 
recapitulate the impact of valency on phase transition than the one-to-one binding model. 
We could also perform a systematic analysis of the linker dynamics and motif affinity and 
analyse their interplay. We showed how these two factors provide alternative scenarios 
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leading to assemblies with markedly different dynamic properties. Although the model 
systems were simple, by balancing between the dynamics of the multivalent contacts we 
could tune the rate and entropy of polymerization [114]. This illustrates that simulations 
based on the fuzzy framework have a potential in modelling biological phase transitions and 
other complex systems. 
 
 
Phase 9 – Future perspectives 
The advances of structural determination approaches, especially EM and NMR 
provide higher resolution view of our molecular systems on rapidly increasing scales. These 
measurements witness on the intrinsic heterogeneity of protein machines and protein-based 
cellular organelles. The biological roles and direct consequences of such structural diversity 
however, are far from being trivial. At the same time, highly dynamic protein regions 
interact with small molecules using heterogeneous binding modes, which has an unforeseen 
potential in targeting regulatory proteins by drug candidates. The proposal of fuzziness in 
protein interactions links conformational heterogeneity to its functional contributions [26, 
35] and provides a wealth of experimental evidence for how structural diversity operates in 
assemblies of proteins [67]. In the past decade, our understanding on the role of transient 
interactions and conformational exchange in protein complexes has largely evolved and 
enabled interpretation of context-specific cellular responses [45, 53].  
On the other hand, fuzziness is derived from a mathematical concept, when a 
boundary or a value of an application (function) change according to the context. This 
mathematical framework could be applied to heterogeneous protein assemblies and may 
lead to quantitative structure-function relationships. The fuzzy framework can tackle 
redundant binding modes or polymorphism in case of multivalent complexes or alternative, 
co-existing states in case of rapid conformational exchange. An illustration has been 
provided for biological phase transition recently [114], but the formalism can be exploited 
for any other biological problems related to heterogeneous states.  
Our description of protein assemblies has been largely refined in the past two 
decades and dynamical interactions are becoming integral part of our understanding. Future 
work need to elaborate the relationship between conformational ensembles and biological 
activities.  Fuzziness in protein interactions may play a key role in this endeavor by laying 
down the basis of stochastic structure-function relationships. Coming years will bring us the 
excitement of quantifying this new paradigm and probe its validity in specific cellular 
systems. 
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Figure legend 
 
Figure 1 Understanding of ID protein interactions and complexes. Recognition elements. 
The tumor suppressor p53 interacts with the ubiquitin ligase Mdm2 via a 15-residue helix of 
the transactivator domain, while residues flanking the preformed element remain disordered 
in the complex [7]. The cell cycle kinase inhibitor p27Kip1 is anchored to cyclin-Cdk2 complex 
via a short RNLF motif [8]. Fuzzy complexes.  Upon interaction of the MAPK 7 kinase with 
JNK1, alternative conformations are observed reflecting different binding mechanisms and 
pathways [75]. In the MAPK cascade, Ste5 interacts with mitogen activated kinase Fus3 in a 
bipartite manner. The linking region is invisible in the structure of the complex and exhibits a 
rapid conformational exchange, yet its length critically affects Fus3 autophosphorylation and 
activation of mating response in yeast [68]. Functional implications of fuzzy interactions. To 
initiate pre-mRNA target site selection, spicing factor SF1 interacts with U2AF65 via a 10-
residue interface. Residues without apparent physical contacts increase binding affinity, 
which is further improved by the dynamical flanking region in the full-length protein [9]. 
Actin polymerization is assisted by disordered WH2 domains. Dynamics of transiently 
interacting regions is regulated by the ionic-strength, which balances the system between 
assembly and sequestration [115]. Molecular mechanisms of fuzzy interactions. The serine-
arginine rich (SRR) region of the Ets-1 transcription factor does not adopt a stable structure 
in complex with DNA, yet its interactions with the autoinhibitory helix impact binding affinity 
in length and PTM dependent manner. Transient contacts of SRR were demonstrated to 
influence flexibility of the interface and binding entropy [41, 42]. The negatively charged tail 
of the high-mobility group protein (HMG) B1 exerts autoinhibition on DNA binding via 
competitive interactions with the target site. The conformational equilibrium between the 
closed and open form of the globular regions determines the affinity for the binding site 
[116]. Context-dependence of fuzzy interactions. Tissue-specific alternative splicing of 
phosphatidylinositol-4-phosphate-5-kinase (PIPK1c) affects a short, structured recognition 
motif flanked by fuzzy regions, the presence of which mediates assembly with AP-2 in brain, 
but not in lymph node [117]. A subset of these residues may bias for synaptic vesicle 
recycling via interactions with talin [118]. PTM-driven interactions between RIP3 kinase and 
MLKL initiate necroctopic signalling. The RIP3 activation loop is partly disordered in the 
complex, yet mediates species-specific interactions via different phosphorylation patterns 
[119]. Stochastic structure-function relationships.  Multiple, weak interactions contribute to 
the interface of GCN4 transcription factor with the coactivator Med15, resulted by multiple 
co-existing conformations in the complex [70]. Transcription by synthetic activators increase 
with fuzziness of the interface owing to redundancy of hydrophobic, weak interactions [78]. 
Malaria antigens of merozoite surface protein 2 (MSP2) contact with their respective 
antibodies via a short, structured interface, while transient interactions by the flanking fuzzy 
regions enable strain-specific binding [120]. Fuzziness in higher-order assemblies. 
Oligomerization of the dual enzyme Ire1 is required for unfolded protein response [92, 93]. 
Assembly is driven by trans-autophosphorylation of the kinase activation loop, which 
induces its stabilization within the complex. Fuzzy regions balance between the 
autoinhibitory conformation of the PYD and CARD domains of the ASC inflammasome. 
Phosphorylation of the dynamical linker induces the extended form and promotes prion-like 
polymerization [86]. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
Periods refer to development of the original proposal, formulated in the references. ID 
proteins are salmon, regions exhibiting a rapid conformational exchange in the assembly are 
shown by dotted lines. Alternative structures (polymorphism) are salmon, cyan and yellow. 
Phosphorylation sites are shown by yellow spheres. Partners are represented by grey 
surfaces. PDB codes for the structures are shown in parenthesis.  
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Graphical abstract 
 
Fuzziness enables stochastic structure-function relationships from binary to higher-order 
protein assemblies 
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Research highlights 
 conformational heterogeneity can be maintained in ID protein complexes 
 heterogeneous regions have important functional contributions 
 fuzziness enables context-dependent regulatory features  
 fuzziness is a ubiquitous feature of higher-order protein assemblies 
 fuzziness provides the basis for stochastic structure-function relationships 
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